Evaluation of fatigue crack propagation in dissimilar Al/steel friction stir welds  by Kakiuchi, Toshifumi et al.
ScienceDirect
Available online at www.sciencedirect.com
 
Av ilable o line at www.sciencedire t.com 
ScienceDirect 
Structural Integrity Procedia 00 (2016) 000–000  
www.elsevier.com/locate/procedia 
 
2452-3216 © 2016 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the Scientific Committee of PCF 2016.  
XV Portuguese Conference on Fracture, PCF 2016, 10-12 February 2016, Paço de Arcos, Portugal 
Thermo-mechanical modeling of a high pressure turbine blade of an 
airplane gas turbine engine 
P. Brandãoa, V. Infanteb, A.M. Deusc* 
aDepartment of Mechanical Engineering, Instituto Superior Técnico, Universidade de Lisboa, Av. Rovisco Pais, 1, 1049-001 Lisboa, 
Portugal 
bIDMEC, Department of Mechanical Engineering, Instituto Superior Técnico, Universidade de Lisboa, Av. Rovisco Pais, 1, 1049-001 Lisboa, 
Portugal 
cCeFEMA, Department of Mechanical Engineering, Instituto Superior Técnico, Universidade de Lisboa, Av. Rovisco Pais, 1, 1049-001 Lisboa, 
Portugal  
Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract 
The fatigue crack propagation (FCP) behavior was investigated in the interfacial boundary of the dissimilar joint between 6061-
T6 aluminum (Al) alloy and type 304 stainless steel fabricated by a friction stir welding (FSW) technique. The tensile tests were 
conducted using the FSW Al/steel joints fabricated with different welding conditions and the tensile strength of 194 MPa was 
obtained in the condition of the rotating speed of 800 rpm and the tool offset of 0.2 mm. Near the welded boundary, the hardness 
decreased in the Al side due to the resolution of precipitates during the FSW process while the hardness increased in the steel 
side due to the work hardening. The compact tension (CT) specimen was sampled from the FSW joint so that the initial no ch 
aligned with t  interface of the joi t and side-grooves were machined to propagate a crack along the interface. Prior to th  FCP 
test, re-T6 heat treatment after the FSW was conducted on the CT specimen to even the hardness in the Al side. In the FCP test 
using the re-heat-treated CT specimen with a side-groove, the crack propagated straight along the welded interfacial boundary 
and the FCP rate in the interfacial boundary was measured.  The energy release rate was calculated by a finite element method 
(FEM) and used to evaluate the interfacial crack tip stress intensity instead of the conventional stress intensity factors.  The FCP 
rate for the same energy release rate range was comparable or slightly faster in the interfacial boundary of the Al/steel FSW joint 
than that of the Al base metal. 
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1. Introduction  
Light materials are preferably chosen for the structural components of transport vehicles such as cars, 
motorcycles and trains to reduce the weight and to achieve low fuel consumption and high fuel efficiency. 
Particularly aluminum (Al) alloys are increasingly used for this usage. However steels, which have higher reliability 
and are less expensive than Al alloys, are still widely used in those vehicles to keep high strength and low costs. 
Thus a joining technique between Al and steel is important in engineering. Butt fusion welding between Al and steel 
generally forms thick intermetallic compound along the interface. Intermetallic compounds are essentially brittle and 
the fracture toughness and the crack propagation resistance are low. Thus the formation of intermetallic compound 
should be suppressed. The friction stir welding (FSW) is a technique to join materials in a solid state. The FSW 
draws an attention particularly in joining dissimilar materials because the formation of intermetallic compound could 
be suppressed. There have been several researches concerning with the joining between Al and steel by FSW process 
such as by Mishra and Ma (2005), Chen (2009), Uematsu et al. (2012), Yasui et al. (2014), and they revealed 
relatively high joint efficiency of Al/steel dissimilar welds. The strength of the joint is dependent on the welding 
conditions such as the tool rotating speed and the travelling speed. The offset position of the tool from the interface 
also affects the strength of the dissimilar joint. It is also reported that the joining between Al and steel with very thin 
intermetallic compound layer along the interface had been achieved. However the intermetallic compound cannot be 
completely eliminated even though it can be suppressed. So the knowledge of the basic properties of the fatigue 
crack propagation (FCP) behavior in the intermetallic compound in the interface of the Al/steel FSW dissimilar joint 
is important, while it has not been studied. 
In the present study, the dissimilar butt joints between heat-treated Al alloy, A6061-T6, and austenitic stainless 
steel, type 304, were fabricated by an FSW technique, FCP tests were conducted using compact tension (CT) 
specimens with side-grooves and the FCP behavior was investigated. 
2. Experiments 
2.1. Materials 
The materials used in this study were A6061-T6 Al alloy and type 304 austenitic stainless steel. The chemical 
compositions and the mechanical properties of the materials are shown in Table 1 and 2, respectively. The materials 
were received as rolled plates. The thicknesses of the plates were 6 mm and 5 mm for the Al alloy and for the steel, 
respectively. 
     Table 1. Chemical compositions of materials (wt%). 
Material Fe Si Mn Cu Mg Zn Cr Ti Al 
A6061-T6 0.3 0.68 0.05 0.29 1.0 0.03 0.18 0.02 Bal. 
Material C Si Mn P S Ni Cr Fe  
Type 304 steel 0.06 0.62 1.16 0.03 0.007 8.03 18.24 Bal.  
 
  Table 2. Mechanical properties of materials. 
Material 0.2 % proof stress, 
σ0.2 (MPa) 
Tensile strength, 
σB (MPa) 
Elongation, 
δ (%) 
Reduction of area, 
φ (%) 
A6061-T6 289 309 16 83 
Type 304 steel 321 675 54 77 
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2.2. Welding conditions 
Butt welded joints between an Al plate and a steel plate were fabricated by an FSW technique. The both plates 
were machined into a rectangular shape with the size of 75 mm × 150 mm. The thicknesses of the Al plate and the 
steel plate are 6 mm and 5 mm, respectively, which are the same with the as-received plates. Prior to the welding, 
the edge of the steel plate was finished by a surface grinder to achieve a flat surface while the Al plate was welded 
in the as-received condition. The FSW tool used in this study has a shoulder with the diameter of 14 mm and an M6-
lef-hand-threaded probe with the length of 4.7 mm mounted on the bottom of the shoulder. The bottom shape of the 
shoulder is slightly concave and that of the probe is flat. The material of the FSW tool is hot work tool steel SKD61 
in JIS (Japanese Industrial Standards) which is correspondent to H13 in AISI. The Al plate and the steel plate were 
settled so that the edge surface along the long side of each plate faced each other. The rotating FSW tool was 
inserted into the Al plate with an offset distance from the interface, with a plunge depth from the top surface of the 
Al plate and with a tilt angle. The offset distance was set to be 0, 0.2 and 0.4 mm, the plunge depth was set to be 0.8 
mm and the tilt angle was set to be 3 °. The schematic configuration of the FSW tool plunge is shown in Fig. 1. The 
rotation of the FSW tool was set clockwise. The FSW tool travelled along the contact interface and then the plates 
were welded along the tool travelling path. The steel plate was placed on the advancing side (A-side) where the tool 
travelling direction corresponded to the rotational direction and the Al plate was on the other side, namely the 
retreating side (R-side). Also the both plates were placed so that the rolling direction was parallel to the FSW tool 
travelling direction. The travelling speed was set to be 100 mm/min and the rotating speed was set to be 600, 800, 
1000 and 1200 rpm. The welding conditions are summarized in Table 3. 
 
     Table 3. Welding conditions. 
FSW parameter Condition 
Tool shoulder diameter (mm) ϕ 14 
Tool probe diameter (mm) ϕ 6 
Tool pin length (mm) 4.7 
Rotating speed (rpm) 600, 800, 1000, 1200 
Travelling speed (mm/min) 100 
Tool offset (mm) 0, 0.2, 0.4 
Tool plunge depth (mm) 0.8 
Tilt angle (degree) 3 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Configuration of FSW tool plunge. 
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2.3. Test procedure and specimen 
The hardness tests were conducted to investigate the hardness profile across the weld zone by a micro Vickers 
hardness tester at the load of 4.9 N with the time of 30 s. The tensile tests were conducted by a universal tester to 
investigate the appropriate welding condition. FCP tests were conducted to investigate the FCP behavior in the 
interface of the FSW joints using CT specimens. The configuration of the tensile specimen and that of the CT 
specimen are shown in Fig. 2. The top surface and the bottom surface of the joint were removed and the specimens 
were sampled from the center in the thickness to avoid welding defects in the gauge section. The thicknesses of the 
tensile specimen and the CT specimen are 4 mm and 4.5 mm, respectively, which are thinner than the thickness of 
the joint. The schematic configuration of specimens sampling from the joint is shown in Fig. 3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Configuration of specimen: (a) tensile specimen; (b) CT specimen. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Sampling of specimen: (a) cross section view; (b) top view. 
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3. Results 
3.1. Hardness profile 
The hardness in the cross section of the FSW joint was measured along a center line in the thickness. Fig. 4 
shows the hardness profile. The hardness decreased in the Al side near the boundary from the interface to the 
distance of around 10 mm. The different types of microstructures are formed in the FSW joint, which are the stir 
zone (SZ), the thermo-mechanically affected zone (TMAZ) and the heat affected zone (HAZ) from the center of the 
probe. The hardness of the weld zone in the Al side becomes lower than that of the base metal due to the dissolution 
of hardening precipitates. The hardness drop is not so large in the SZ as the crystal grains become fine and the 
bottom of hardness profile locates at the TMAZ. The hardness increases in the HAZ than the TMAZ and recovers to 
the similar value with the base metal. The hardness increased in the steel side near the boundary, which is attributed 
to work hardening induced by the scratch of the Al plastic flow and the rotation of the probe.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Hardness profile. 
3.2. Tensile strength 
Fig. 5 shows the tensile strengths of each FSW joint fabricated with different welding conditions. When the tool 
offset was set at 0 mm, which indicates that the side surface of the probe contacts the steel edge surface directly, the 
tensile strengths were 195 MPa and 179 MPa for the joint with the rotating speed of 600 rpm and that of 800 rpm, 
respectively. The tensile strength decreased when the rotating speed was larger than 800 rpm. When the tool offset 
was set at 0.2 mm, the joint with the rotating speed of 800 rpm exhibited 194 MPa while the tensile strengths of the 
joints fabricated with the other rotating speeds dropped largely. When the tool offset was set at 0.4 mm, all of the 
joints exhibited the lower tensile strengths than 50 MPa. The joint fabricated with the offset of 0 mm and with the 
rotating speed of 600 rpm and that fabricated with the offset of 0.2 mm and with the rotating speed of 800 rpm broke 
at the Al side, while the other joints broke at the interface between the Al alloy and the steel, which indicates that the 
interface between the Al alloy and the steel was welded appropriately in the former two conditions while it was not 
in the other conditions. 
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Fig. 5. Tensile strength. 
 
3.3. Fatigue crack propagation behavior 
The FCP tests were conducted to investigate the FCP behavior in the intermetallic compound formed at the 
interface between the Al alloy and the steel in the Al/steel FSW joint. The CT specimen used in the FCP test was 
sampled from the FSW joint fabricated with the welding condition of the rotating speed of 800 rpm and the tool 
offset of 0.2 mm which exhibited the maximum tensile strength and broke at the Al side, which indicates that the 
interface was welded well. The initial notch of the CT specimen aligned with the interface of the joint. As shown in 
Fig. 4, the hardness dropped in the Al side and the hardness profile was non-uniform, which could cause the crack 
deviation from the interface. Side-grooves were machined along the welded interface and the re-T6 heat treatment 
was conducted to uniform the hardness profile near the interface in the Al side so that the crack did not deviate from 
the welded interface and the crack propagated along the interface. The stress intensity factor range, ΔK, in the 
standard CT specimen is calculated by the following Eq. (1). 
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Fig. 6 shows the relationship between the FCP rate and the stress intensity factor range, ΔK, calculated by Eq. (1). 
The FCP rates in the Al base metal are also plotted in Fig. 6 for comparison. From Fig. 6, the FCP rate in the 
intermetallic compound is almost the same with that of the Al base metal nominally. However it is known that the 
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stress intensity factor in a usual sense cannot be defined to be accurate in the crack in the interface of the dissimilar 
weld as fabricated in this study. Similarly it is considered that Eq. (1) is not valid to evaluate the stress intensity. The 
parameters which can evaluate the stress intensity in the interfacial crack instead of the usual stress intensity factor 
have been studied such as by Suo and Hutchinson (1990), Ramesh Kumar et al. (1997), Xuan et al. (2005). In this 
study, the energy release rate, G, was calculated by a finite element method (FEM) using the commercial software 
NASTRAN. The FCP test results are replotted in Fig. 7 with respect to the energy release rate range, ΔG. As is 
evaluated using the nominal stress intensity factor range, the FCP rates of the Al/steel FSW joint were almost 
comparable but slightly faster than those of the Al base metal with respect to the energy release rate range. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. Relationship between fatigue crack propagation rate and nominal stress intensity factor range. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. Relationship between fatigue crack propagation rate and energy release rate range. 
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4. Conclusion 
In this study, the dissimilar joints between the Al alloy A6061-T6 and the austenitic stainless steel type 304 were 
fabricated by a FSW technique and the fatigue crack propagation behavior was investigated. The main conclusions 
obtained in this study are summarized as follows: 
(1) The dissimilar Al/steel FSW joint of which the tensile strength was 194 MPa was fabricated with the 
welding condition of the rotating speed of 800 rpm and the tool offset of 0.2 mm. 
(2) The FCP rate in the intermetallic compound at the interface of the Al/steel FSW joint was measured 
successfully using a re-heat-treated CT specimen with a side-groove. 
(3) The FCP rates of the Al/steel FSW joint and that of the Al base metal were compared with respect to the 
nominal stress intensity factor range, ΔK, and the energy release rate range, ΔG. The relative differences 
between the FCP rates for the both materials are similar in the ΔK evaluation and in the ΔG evaluation. 
(4) The FCP rates of the Al/steel FSW joint were comparable or slightly faster than those of the Al base metal. 
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